A model for holographic dark energy is proposed, following the idea that the short distance cut-off is related to the infrared cut-off. We assume that the infrared cut-off relevant to the dark energy is the size of the event horizon. With the input Ω Λ = 0.73, we predict the equation of state of the dark energy at the present time be characterized by w = −0.90.
The cosmological constant problem is a longstanding problem in theoretical physics, and has received even more serious considerations recently, due to the observational evidence for a non-vanishing value [1] . The direct evidence for the existence of the dark energy is further supported by other cosmological observations, in particular by the WMAP experiment [2] . For the first time in history, theorists are forced to explain not only why the cosmological constant is small, but also why it is comparable to the critical density (in this note we shall use terms the cosmological constant and the dark energy exchangeably.)
A. Cohen and collaborators suggested sometime ago [3] , that in quantum field theory a short distance cut-off is related to a long distance cut-off due to the limit set by formation of a black hole, namely, if ρ Λ is the quantum zero-point energy density caused by a short distance cut-off, the total energy in a region of size L should not exceed the mass of a black hole of the same size, thus L 3 ρ Λ ≤ LM 2 p . The largest L allowed is the one saturating this inequality, thus
For convenience, we introduced a numerical constant 3c 2 in the above relation, and use M p to denote the reduced Planck mass M −2 p = 8πG. Taking L as the size of the current universe, for instance the Hubble scale, the resulting energy density is comparable to the present day dark energy. Related ideas were discussed in [4] .
While the magnitude of the holographic energy of Cohen et al. matches the experimental data, S. Hsu recently pointed out that the equation of state does not. Hsu's argument can be refined as follows. In the Friedman equation 3M 2 p H 2 = ρ, we put two terms ρ m and ρ Λ , the latter being given by (1), with L = H −1 . We find
thus ρ m behaves as H 2 , the same as ρ Λ . But ρ m scales with the universe scale factor a as a −3 , so does ρ Λ , thus the dark energy is pressureless, namely in the equation of state p = wρ, w = 0. The accelerating universe certainly requires w < −1/3, and the most recent data indicate that w < −0.76 at the 95% confidence level.
To remedy the situation, we are forced to use a different scale other than the Hubble scale as the infrared cut-off. One possibility quickly comes to mind, the particle horizon used in the holographic cosmology of Fischler and Susskind [7] . The particle horizon is given by
Replacing L in (1) by R H , we can solve the Friedmann equation exactly with another energy component (for instance matter). Unfortunately, this replacement does not work.
To see this, we assume that the dark energy ρ Λ dominates, thus the Friedmann equation
We find H −1 = αa 1+ 1 c with a constant α. The "dark energy" assumes the form
So w = − 1 3 + 2 3c > − 1 3 . In the relation HR H = c, c is always positive, and in changing this integral equation into a differential equation (4), we find that the changing rate of 1/(Ha) with respect to a is always positive, namely, the Hubble scale 1/H as compared to the scale factor a always increases. To get an accelerating universe, we need a shrinking Hubble scale. To achieve this, we replace the particle horizon by the future event horizon
This horizon is the boundary of the volume a fixed observer may eventually observe. One is to formulate a theory regarding a fixed observer within this horizon.
Again, we assume that the dark energy dominates matter, solving equation 
we have
or
Alas, we do obtain a component of energy behaving as dark energy. If we take c = 1, its behavior is similar to the cosmological constant. If c < 1, w < −1, a value achieved in the past only in the phantom model. A smaller c although makes the dark energy smaller for a fixed event horizon size, it also forces R h to be smaller by the Friedmann equation HR h = c, thus the changing rate of 1/(Ha) larger. This is the reason why a smaller c makes the universe accelerate faster.
Theoretically, we are more interested in the case c = 1. We can actually give an argument in favor of c = 1. Suppose the universe be spatially flat (as the observation suggests), the total energy within a sphere of radius R h is 4π 3 R 3 h ρ Λ . On the other hand, the mass of a black hole of size R h is R h /(2G). Equating these two quantities, we find
it follows that c = 1.
In what follows we study only the c = 1 case. With an additional energy component, the Friedmann equation can always be solved exactly. We shall rewrite the equation as one concerning the unknown
where x = ln a. Next, we wish to express Ha in terms of Ω Λ . To this end, we introduce the
We set a(t 0 ) = 1, and ρ 0 m is the present matter energy density. Now, the Friedmann equation is simply 1
Substituting this relation (as implied by the Friedmann equation) into (11)
Taking derivative with respect to x in the both sides of the above relation, and noting that the derivative of √ a is proportional to √ a, we obtain
where the prime denotes the derivative with respect to x. This equation can be solved exactly. Before solving the equation, we note that Ω ′ Λ is always positive, namely the fraction of the dark energy increases in time, the correct behavior as we expect. Also, the expansion of the universe will never have a turning point so that the universe will not re-collapse, since Ω ′ Λ never vanishes before Ω Λ reaches its maximal value 1. Let y = 1/ √ Ω Λ , the differential equation (14) is cast into the form is the second term, we find, for large a
Since the universe is dominated by the dark energy for large a, we have
Thus, using (17) in the above relation
Namely, the final cosmological constant is related to ρ 0 m through the above relation, and this model sheds no new light on the cosmic coincidence problem, since we have no idea why exp(3x 0 ) is of order 1. This certainly is not expected initially by the authors of [3] .
For very small a, matter dominated, and the most important term on the L.H.S. of (16) is the first term, we find
thus
So although the dark energy is larger for smaller a, it is still dominated over by matter, we do not have to worry about the possibility of ruining the standard big bang theory. A discussion of the dark energy behaving as a −2 in the early universe can be found in [8] .
What we are interested in most is the prediction about the equation of state at the present time. Usually, in the cosmology literature such as [6] , one measures w as in
where the derivatives are taken at the present time a 0 = 1. The index w is then
up to the second order. Since
, the derivatives are easily computed using (14):
where we used ln a = − ln(1 + z) ≃ −z. Plugging the optional value Ω 0 Λ = 0.73 into (24),
Of course only the first two digits are effective. This result is in excellent agreement with new data [6] . At the one sigma level, the result of [6] is w = −1.02 +0.13 −0.19 , with a slightly different value Ω 0 Λ = 0.71. If our holographic model for dark energy is viable, it is quite hopeful that this prediction will be verified by experiments in near future.
During the radiation dominated epoch, the dark energy also increases with time compared to the radiation energy, but it is still small enough not to ruin standard results such as nuclear genesis. We are also interested in whether our model will greatly affect the standard slow-roll inflation scenario. In this case, assume that the universe has only two energy components, the "dark energy" and the inflaton energy. If the latter is almost constant, we shall show that it is possible that the dark energy can be inflated away. Similar to (14), in this case we can derive an equation
Thus, Ω Λ always decreases during inflation. The above equation can also be solved exactly.
Instead of exhibiting the exact solution, we only show its behavior for small Ω Λ :
thus, if the initial value of Ω Λ is reasonable, it will be red-shifted away quickly enough not to affect the standard inflation scenario.
In conclusion, the holographic dark energy scenario is viable if we set the infrared cut-off by the event horizon. This is not only a viable model, it also makes a concrete prediction about the equation of state of the dark energy, thus falsifiable by the future experiments.
However, unlike expected earlier, we are not able to explain the cosmic coincidence, since the infrared cut-off is not the current Hubble scale. The eventual cosmological constant in the far future can be viewed as a boundary condition, or equivalently, the initial value of Ω Λ can be viewed as a initial condition. We need to study more carefully the role of Ω Λ in the early universe.
